Abstract In HL-2A tokamaks, the behavior of heat flux deposited on the divertor targets has been studied during deuterium gas fuelling. The heat flux is reduced significantly after supersonic molecular beam injection (SMBI) fuelling during Ohmic and electron cyclotron resonance heating (ECRH) divertor discharges. The SMBI fuelling causes an increase in the plasma density and this change results in the experienced change of the edge properties. Most of this reduction in divertor target heat flux occurs together with a high plasma radiation region located at near the X-point. The largest reduction in heat flux profiles is observed at the outboard divertor separatrix strike point, while the heat flux far from the strike point remains almost unchanged. In particular, with SMBI multi-pulses gas fuelling, a partially detached divertor regime is observed with a highly radiating region at the X-point. With the onset of the partially detached divertor regime, a sudden drop in both heat flux and power flow on the divertor target is observed. The reduction in power load on the divertor targets is roughly equal to the increase in plasma radiation loss.
Introduction
In divertor tokamaks, a considerable part of energy flux is loaded onto the target plates, which results in the erosion problem of divertor plates, especially for next step fusion devices such as ITER [1, 2] . Therefore, understanding the behavior of the divertor heat flux under different plasma regimes is an important issue for handling the high-energy flux. The preferred diagnostic for divertor target load measurements is infrared (IR) thermography, which has been used to help understand the energy deposition onto the target structures in ASDEX Upgrade [3] , JET [4] and DIII-D [5] . Furthermore, reduction in the peak heat flux on the divertor target has also been achieved with deuterium gas injection in these devices [5∼7] . Especially in the ASDEX Upgrade, continuous divertor partial detachment in high confinement mode (H-mode) discharges is observed with almost no heat flux deposited onto the divertor plates in the strike zone region [8] . This plasma regime is attractive because the peak heat flux near the separatrix is reduced typically by a factor of 3∼5, which would be sufficient for ITER requirements and an attached plasma remains in the outer scrape-off layer (SOL) from which helium ash could be pumped into a tokamak reactor.
In HL-2A, an infrared camera system has been developed with a new divertor heat flux analysis method, which can give more accurate data for the analysis of heat flux [9, 10] . Based on that, the divertor heat flux is analyzed during gas fuelling. The heat flux deposited on the divertor targets is clearly reduced after gas fuelling and the partially detached divertor regime is also observed with strong deuterium gas fuelling. In this paper, the behaviors of divertor heat flux during SMBI fuelling and the role of plasma radiation loss in the evolution of heat flux are described, especially the characteristics of heat flux under the partially detached divertor regime.
Experimental setup
The HL-2A tokamak (with major radius R = 1.65 m and minor radius a = 0.4 m) has a close sysmmetric double-null divertor [11] . The lower single null (LSN) divertor configuration with the ion magnetic field gradient drift towards the X-point is used in the experiment.
An infrared camera system has been developed to measure the evolution of surface temperature on the outer divertor plates in HL-2A [9] . Also, a new threedimensional non-linear analysis is developed to determine the heat flux on divertor plates [10] . The infrared camera with 14 bit dynamic range contains a gallium arsennic (GaAs) sensor operating in the 8∼9 µm spectral range, allowing the measurement of the surface temperature from −40 o C to 2000 o C . The maxi-mum frame rate depends on the chosen size of the twodimensional pixel array. However, for all measurements reported here, the frame rate of 60 Hz is used to get the full frame of 320 × 240 camera pixels. The SMBI is one important gas fuelling method in HL-2A and is used to fuel the plasma from the low and high field side [12] . The backing pressure of the SMBI system can be changed from 1 bar to 30 bar with a duration of 0.5∼15 ms, corresponding to the injected deuterium molecular inventory of 2 × 10 17 ∼ 6 × 10 19 . The typical fuelling efficiency of SMBI is 30%∼60% in the HL-2A tokamak, about three to four times as high as that of the conventional gas puffing [13] . In the divertor, the electron temperature is measured by a fixed flush probe array on the outer plate [11] . The main plasma radiation and divertor plasma radiation are measured by bolometer arrays [14] . The arrangement of an IR camera, a probe array and a bolometer array in the divertor are shown schematically in Fig. 1 . A 2 MW ECRH at 68 GHz for 1 s is available as the main auxiliary heating.
All results reported in this paper were obtained in deuterium discharges. The parameters of the plasmas are:
19 /m 3 , B t = 1.5 ∼ 2.5 T, and P ECRH = 0.8 ∼ 1.5 MW, where I p is plasma current, N e is line-averaged electron density, B t is the toroidal magnetic field, and P ECRH is the ECRH input power. The SMBI pulses are injected from the low field side, which is also shown in Fig. 1 .
Experimental results

Properties of surface temperature on the target with infrared thermography
In HL-2A, the infrared thermograpy system can observe only 14 cm in the poloidal directions and 7.5 cm in the toroidal directions on the target because of the limit of geometry. The spatial resolution on the target surface is around 1 mm×1 mm per pixel, which is good enough to resolve typical power decay lengths (10∼30 mm during L-mode in HL-2A) and the strike point.
The geometric structure of divertor plates is rib-like with an elliptic water cooled loop inside. The material of plates is copper and its emissivity ε is set as 0.15 because of a kind of oxidation, which is corrected in situ in the temperature range from 20 o C to 120 o C during the baking period of HL-2A. The target background temperature is about 25 o C with the same temperature of HL-2A device, which is subtracted in the data processing. The time interval of about eight minutes between successive HL-2A discharges guarantees uniform temperature distribution all over the plate at the beginning of each discharge. The basic features of the toroidal and the poloidal temperature distribution can be seen in Fig. 2 , which show a common example of infrared camera output. At the separatrix position, where the largest power load on the target plates is expected, the surface temperature is much higher. Fig.1 Schematic arrangement of the IR camera, bolometer array, probe array in the divertor and the gas fuelling system (SMBI). A representative poloidal cross-section of the plasma in divertor configuration is also shown (color online) Many experiments have been done for understanding the characteristics of divertor heat flux during gas fuelling. Fig. 3 shows a typical temporal evolution of the divertor target surface temperature with SMBI gas fuelling during Ohmic discharge, as well as the control signal of SMBI gas fuelling and the location of the outboard divertor separatrix strike point calculated from current filament code [15] . Nine deuterium SMBI pulses were injected into plasma at a constant backing pressure of 17.5 bar and each pulse lasted 2.5 ms (∼ 1.3×10
19 particles). The target surface temperature increases continuously with time because of the heat load. However, after each SMBI pulses injection, the target surface temperature shows a clear decrease, though it maintains a relatively short time interval. The largest reduction occurs near the divertor separatrix point, which fits with the theoretical results from the current filament code [15] . Moreover, the phenomena are also observed during the ECRH heating phase with the same SMBI pulse injection. Fig.3 Typical evolutions of the divertor target surface temperature during SMBI fuelling and the locations of the outboard divertor separatrix strike point determined by the current filament code (blue line). The temperature is reduced clearly after SMBI pulse injection. The strike point agrees well with the theoretical results (color onine)
3.2 Behaviors of the divertor heat flux during gas fuelling
Heat flux behaviors with a single SMBI pulse injection
The heat load deposited on the divertor target is of considerable interest, therefore, the temporal evolution of the heat flux in discharge #5952 with a single SMBI pulse injection is shown in Fig. 4 . A single SMBI pulse was injected into the plasma during the ECRH heating phase at a constant pressure of 4.5 bar and lasted 10 ms (∼ 1.5 × 10 19 particles). Before SMBI gas fuelling, the amount of plasma particle content is about 1 × 10 20 . Reductions in both the peak heat flux and power flow to the divertor targets are achieved after the SMBI fuelling. The SMBI gas fuelling results in a strong increase in the line-averaged electron density, which greatly enhances the plasma radiation (P rad ∝ N 2 e ), especially near the X-point. The radiated power at 1100 ms has more than doubled near the X-point, compared with that at 1030 ms (see Fig. 5(a) ). The formation of this radiating region suggests that a significant fraction of the power that flows into the divertor region along or near the separatrix flux surface has been radiated before it reaches the target. Thereby, the divertor target heat flux and power flow are reduced. Fig. 5(b) compares the radial heat flux profiles on the divertor target at the instant shortly before and after the SMBI pulse injection. The location for the outboard divertor separatrix strike point determined by the current filament code is also shown. The heat flux is reduced to about 0.5 MW/m 2 near the outboard divertor separatrix strike point after the SMBI pulse injection, while a less impressive reduction is observed far from the divertor separatrix strike point. The increase in the radiated power upstream of the divertor separatrix strike point roughly accounts for the observed reduction in the heat flux at the divertor target and downstream. Fig.4 Time evolutions of the plasma current, IP, the radiated power in main plasma, P rad , the bolometer signal in the divertor, Bol div , the signal of gas fuelling, the peak heat flux onto divertor plate, q div , the integrated heat flux on the divertor tiles, P div , and the signal of ECRH (shaded area). The three vertical lines represent the time instants corresponding to the radiated power distributions shown in Fig. 6 . A sudden drop in heat flux is observed because of the cold gas injection, though it increases slightly later. However, the plasma radiation increases subsequently which accounts for the reduction of 0.4 MW/m 2 in heat flux (color online) Moreover, we should note that, during the SMBI pulse injection, a drastic reduction is observed in the peak heat flux and power flow to the divertor targets, which is due to the transient reduction of the recycling flux, as reported in Ref. [12] , in which the ratio of the heat load on the target plate surface during SMBI fuelling to that before the pulse injection is about 0.4 as obtained from the Langmuir probe. However, the infrared thermography data show that the ratio is a little higher, about 0.46, which is maybe due to the low time resolution of the infrared camera.
Heat flux behaviors with SMBI multi-
pulse fuelling Fig. 6 shows the heat flux evolution of one pure Ohmic discharge #5299 with multi-pulses SMBI gas fuelling. Ten deuterium SMBI pulses were injected into plasma at a constant pressure of 17.5 bar and each pulse lasted 2.5 ms (∼ 1.3 × 10 19 particles). Before SMBI gas fuelling, the amount of plasma particle content is about 0.8 × 10 20 . A reduction in heat flux is achieved clearly after each SMBI pulse injection into the plasma, though the heat flux soon recovers to the level of that before SMBI fuelling as mentioned above. However, following ten SMBI pulses fuelling the peak heat flux decreases step by step from 0.7 MW/m 2 at 650 ms to 0.15 MW/m 2 at 1500 ms. In particular, after the sixth SMBI pulse injection, the peak heat flux shows a significant drop, from 0.5 MW/m 2 to 0.25 MW/m 2 . Fig.6 Evolutions of the peak heat flux and heat flux across the divertor target. The heat flux is reduced clearly after the gas fuelling, especially after the sixth SMBI pulses injection, the peak heat flux is reduced from 0.5 MW/m 2 to 0.25 MW/m 2 . The position of the main plasma mid-plane is set as z = 0 (color online)
The plasma parameters of this discharge are presented in Fig. 7 . A continued SMBI pulse injection results in a quick increase of electron density, which is in turn responsible for the increase of plasma radiation. Fig. 8 compares the plasma radiated power profiles at three time instants, as well as the radial heat flux profiles of the divertor target. Following the SMBI fuelling, an intense source of radiation forms at the Xpoint, whereas the plasma radiated power density in the core remains almost unchanged. The appearance of this intense radiative region can reduce the energy flux into the divertor, and thereby reduce the target heat flux. Therefore, the heat flux is first reduced slightly from 650 ms to 1020 ms, and then significantly reduced from 1020 ms to 1400ms. As is typical, the largest reduction in heat flux occurs near the outboard divertor separatrix strike point, while a less impressive reduction is observed far from the divertor separatrix strike point. And the reduction in the integrated heat flux across the divertor is comparable to the increase in the measured radiated power coming from the X-point region. Fig.7 Time evolutions of the plasma current, IP, the lineaveraged electron density, ne, the radiated power in the main plasma, P rad , the bolometer signal in the divertor, Bol div , the divertor electron temperature, T ediv , the ion saturation current, J sdiv , the neutral particle pressure in the divertor, Ph2, the peak heat flux onto the divertor plate, q div , the integrated heat flux on the divertor tiles, P div , and the signal of gas fuelling. The vertical line represents the onset of the partially detachment divertor regime
In the divertor, the neutral pressure increases slightly after the SMBI multi-pulses injection (see Fig. 8 ), which removes parallel momentum and energy from the plasma flow. Meanwhile the divertor plasma radiated power increases too. These would evidently cool the divertor electron temperature to approximately 10 eV, below which the electron impact ionization rate falls off sharply. Continued SMBI pulse injection reduces the divertor temperature still further, significantly lowering the electron impact ionization rate at the outboard divertor separatrix strike point. Thus a clear drop is observed in the ion saturation current collected on a Langmuir probe near the outboard divertor separatrix strike point. The reduction in the ion saturation current has important implications for pressure balance on the separatrix flux surface, and is representative of the reduction in the particle flux at the divertor separatrix target, contributing thereby to the reduction of divertor target heat flux. Fig.8 Evolutions of the plasma radiated power profiles (a) and the heat flux profiles on the divertor plate (b) after the gas fuelling. The formation of an intense source of radiated power around the X-point is clearly visible, which contributes to the reduction in heat flux on the divertor target (color online)
The appearance of this intense radiative region and the sudden drop in heat flux near the outer divertor separatrix strike point, together with the increase in neutral pressure, the collapse of electron temperature in the divertor and the ion saturation current at the outer divertor separatrix strike point, characterizes the transition into the so called 'partially detached divertor' (PDD) regime at about 1120 ms [11] .
Summary
The heat flux deposited on the outer divertor plate is routinely measured by the infrared camera diagnostic in HL-2A. And a reduction in the heat flux on the divertor tiles is observed after gas fuelling in the Ohmic mode and ECRH heating phase. During the injection of a SMBI pulse, the heat flux is reduced significantly due to the transient reduction of the recycling fluxes. After that, the electron density shows a sudden increase, which enhances the plasma radiation, especially at the X-point. Thus the heat flux deposited on the divertor target is mitigated compared with that before the SMBI pulse injection.
The partial detached divertor regime is also observed with the SMBI multi-pulses injection, which has been shown to be effective in reducing the heat flux on the divertor targets. The SMBI multi-pulses injection causes a sharp increase in the plasma electron density, which results in a strong increase of the total plasma radiation. In particular, a highly radiative region is formed near the X-point, which releases lots of plasma energy before it reaches the divertor target, thus a partial detached divertor regime is observed. However, the plasma radiation in the core region is almost not affected. Meanwhile collapses in electron temperature and particle flux at the outboard divertor separatrix strike point are observed at the onset of the partially detached divertor regime, which is consistent with the largest reduction in the heat flux profiles.
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